Introduction {#s1}
============

Motor imagery is defined as the mental execution of a movement without any overt movement. Neuroimaging studies using functional magnetic resonance imaging (fMRI) showed that motor imagery and execution share common neural substrates such as the supplemental motor area (SMA), premotor area (PM), primary motor cortex (Brodmann's areas: BA 4), posterior parietal cortex (PPC), basal ganglia, and cerebellum (Decety et al., [@B5]; Lotze et al., [@B34]; Naito et al., [@B42]; Ehrsson et al., [@B13]; Hanakawa et al., [@B25], [@B24]; Kuhtz-Buschbeck et al., [@B29]; Lacourse et al., [@B30]; Michelon et al., [@B35]; Higuchi et al., [@B26]; Imazu et al., [@B28]; Szameitat et al., [@B56]; Munzert et al., [@B41]; Chen et al., [@B2]; Guillot et al., [@B22]; Lorey et al., [@B32]; Mizuguchi et al., [@B36]; Sharma and Baron, [@B51]). In addition, many studies report significant effects of motor imagery practice not only on motor skills but also on muscle strength (Feltz and Landers, [@B15]; Yue and Cole, [@B65]; Lotze and Halsband, [@B33]; Mizuguchi et al., [@B37]).

In voluntary motor execution, an accurate control of the appropriate force level is needed for precise motor performance. To date, numerous studies have investigated the relationship between brain activity and the level of contractile force. Single-cell recordings in animals indicate that there is a direct relationship between force level and the discharge rate of cortical neurons in BA 4 (Evarts, [@B14]), primary somatosensory cortex (SI; Wannier et al., [@B62]), and PM (Werner et al., [@B63]). In humans, an electrophysiological study by Perez and Cohen ([@B48]) assessed corticospinal excitability by monitoring the magnitude of motor evoked potentials (MEPs) elicited by transcranial magnetic stimulation (TMS). They found that a graded modulation of corticospinal excitability during voluntary contractions. Studies utilizing neuroimaging have also found that brain activity in BA 4, SI, SMA, cingulate cortex, and cerebellum is correlated with contraction force level (Dettmers et al., [@B9]; Thickbroom et al., [@B58]; Dai et al., [@B4]; Ehrsson et al., [@B11]; Cramer et al., [@B3]). Taken together, the findings of the above studies indicate that valid measurements of the magnitude of contractile force can be assessed by monitoring brain activity via single cell discharge rate, MEPs, cerebral blood flow, and blood oxygen level dependent (BOLD) signal. However, during voluntary contractions brain activity must reflect not only the motor command but also the somatosensory afferent signals from the periphery. Therefore, it remains unclear as to whether brain activity reflects somatosensory input or motor command. Since there is no somatosensory input during motor imagery, brain activity during motor imagery would be expected to reflect only the motor command.

In a study evaluating whether corticospinal excitability during motor imagery is dependent upon imagined force level (Mizuguchi et al., [@B38]), subjects practiced generating isometric forces of 10%, 30%, and 60% maximum voluntary contraction (MVC) before MEPs were recorded. Then, MEPs were measured during motor imagery of the same force generations. The MEPs amplitudes recorded in the agonist muscles of the 60% MVC condition were significantly greater than those of the 10% MVC condition. However, since the TMS study accessed only corticospinal excitability, it is still unclear whether activity in brain regions responsible for motor imagery other than the BA 4 correlate with the imagined force level. In the present study, we utilized fMRI to quantify BOLD signals and thereby establish a relationship between brain activity and imagined force level. We hypothesized that activity in motor regions such as the PM and SMA correlates with imagined force level.

Materials and methods {#s2}
=====================

Subjects {#s2-1}
--------

Sixteen normal subjects (three females and thirteen males; mean age 22.9 ± 2.6 years) participated in this study. All of them were right-handed according to the Edinburgh Inventory (Oldfield, [@B47]). The subjects did not have a previous history of neurological or psychiatric disorders. Before the experiment, informed consent was obtained from all subjects. The study was approved by the Human Research Ethics committee of Waseda University.

Procedure {#s2-2}
---------

The subjects performed three motor imagery conditions; (1) 10% MVC; (2) 30% MVC; and (3) 60% MVC. First, grip strength of the right hand was measured using an electronic hand dynamometer (EH101, Hata Sporting Goods Ind., Ltd., Osaka, Japan) outside the MRI room. The dynamometer was adjusted to best fit the grip of the subject's right hand. Then, the subject was placed in a standing position and asked to squeeze the grip as hard as possible for 3 s without moving their arm. The subject was verbally encouraged to maximize the force. The subject performed this action twice with a 2-min rest between the trials. The mean value of the two trials was adopted as the subject's MVC. After this determination, 10, 30, and 60% MVC of grip strength were calculated. Second, the subjects were instructed to match the grasping force at one of the three force levels for ten trials, with at least a 1-min rest between trials. After each trial, the subjects were given feedback regarding the difference between the performed and the target values. After ten trials of pre-training, the subjects moved to the MRI room immediately, where they performed one of the three conditions in the MRI room for 5 min 12 s. After the fMRI measurements, the subjects were moved outside of the MRI room, where they were again asked to match their force of grasping to the required % MVC for five trials with a hand dynamometer. They received no feedback about their performance. These procedures were repeated for the three different force levels. Thus, the subjects completed three different fMRI scans. The order of the three conditions of force level was randomized for each subject and counterbalanced across all subjects. Before performing the MVC measurement, the difference in motor imagery between the first person perspective and third person perspective (Stevens, [@B55]) was explained to the subjects. They were subsequently instructed to "imagine repeatedly grasping with the right hand using a first person perspective at your own pace in the fMRI experiment". After each condition, we confirmed that the subjects conducted the instructed imagery. Approximately 5-min of rest was provided between conditions. In total, it took about 90 min for one subject to compete the entire experiment.

For the MRI scan, a run for each condition consisted of five alternate repetitions of the task and rest periods. The durations of the task and rest period were both 30 s. In the scan, the subjects were presented with a blue-filled or red-filled circle cue via a PC and projector system (VisuaStimDigital, Resonance Technology Co, USA). Each circle with a black background was presented with a non-magnetic goggle. When the blue cue was presented, the subjects were instructed to mentally reproduce the requested force without any muscle activation, with the right hand, at a natural and comfortable self-paced rhythm. In addition, they were asked to not change the pace during the experiment. When the red cue was shown, the subjects were asked to relax and not to image. The subjects were also asked to keep their muscles relaxed and not to think about anything throughout the entire procedure. Any communication between the experimenter and the subject was made through an intercom.

Behavioral data analysis {#s2-3}
------------------------

The grasping forces produced by each subject were normalized with reference to the MVC of that particular subject. We then averaged the forces of the last of five trials in the pre fMRI and all of the five trials in the post fMRI period. Differences in the grasping force between the pre and post fMRI were evaluated with paired *t*-tests.

fMRI data acquisition and analysis {#s2-4}
----------------------------------

All images were acquired using a 1.5 T MR scanner (Signa, General Electric, Wisc., USA). BOLD contrast functional images were acquired using T2\*-weighted echo planar imaging (EPI) free induction decay (FID) sequences with the following parameters: TR 3000 ms, TE 50 ms, FOV 22 cm × 22 cm, flip angle 90°, slice thickness 5 mm and gap 1 mm. The orientation of the axial slices was parallel to the AC--PC line. For anatomical reference, T1-weighted images (TR 30 ms, TE 6 ms, FOV 24 cm × 24 cm, flip angle 90°, slice thickness 1 mm and no gap) were also obtained for each subject.

The first four volumes (12 s) of each fMRI session were discarded because of unstable magnetization. Raw data were analyzed utilizing Statistical Parametric Mapping (SPM8, Wellcome Department of Cognitive Neurology, London, UK) (Friston et al., [@B19], [@B16],[@B18]) implemented in MATLAB (Mathworks, Sherborn, Massachusetts, USA). Realigned images were normalized to the standard space of the Montreal Neurological Institute brain (MNI brain). Then, smoothing was executed with an isotropic three-dimensional Gaussian filter with full-width at half-maximum (FWHM) of 8 mm. High-pass filters (128 s) were also applied and low frequency noise and global changes in the signals were removed. We confirmed that the subjects' head movements were less than the size of one voxel.

Statistical analysis was performed on two levels. A first-level analysis was performed for each subject using a general linear model. We constructed a statistical parametric map of the *t*-statistic for the three contrasts, (1) 10% MVC vs. rest; (2) 30% MVC vs. rest; (3) 60% MVC vs. rest; (4) (60% MVC vs. rest) vs. (10% MVC vs. rest); (5) (60% MVC vs. rest) vs. (30% MVC vs. rest); and (6) (30% MVC vs. rest) vs. (10% MVC vs. rest). Subject-specific contrast images of the estimated parameter were used for a second-level analysis (random-effect model; Friston et al., [@B17]). The second-level analysis was performed to extend the inference from individual activation to the general population. One-sample *t* tests were used with a voxel-wise threshold of *p* \< 0.001 (uncorrected) to generate the cluster images. Then, we set the threshold at *p* \< 0.05 for the cluster level after correction by the false discovery rate (FDR) for the whole brain space. The locations of brain activity were transformed from MNI coordinates into Talairach standard brain coordinates (Talairach and Tournoux, [@B57]). If significant activation was found in the white matter, the result was excluded from description in the result section and tables.

We also calculated the BOLD signal changes that occurred during tasks in order to allow for the identification of activation peaks for each individual (Nakata et al., [@B44]). Eight regions were selected based on activation in the 60% MVC condition (Table [](#T1){ref-type="table"}[](#T2){ref-type="table"}[3](#T3){ref-type="table"}), and each datum was collected from all subjects, using the "Plot" option in SPM8. The peak activities of three conditions in each region were analyzed by analyses of variance (ANOVAs) with repeated measures using as a within-subjects factor, condition (10% MVC, 30% MVC, and 60% MVC) (SPSS for windows version 21; IBM SPSS, Tokyo, Japan). For a repeated measures factor, it was tested whether Mauchly's sphericity assumption was violated. In all cases, the sphericity was maintained, and it was not necessary to use the Greenhouse-Geisser correction. When significant effects were identified, *post hoc* analyses were determined by utilizing paired t-tests with the Bonferroni correction in each region. Statistical significance was set at *p* \< 0.05 (*p* \< 0.0166, uncorrected).

###### 

**Activated regions in "10% MVC" \> Rest**.

  Region                       Side   BA   Talairach Coordinates   *Z*-score        
  ---------------------------- ------ ---- ----------------------- ----------- ---- ------
  Frontal Lobe                                                                      
    Superior Frontal Gyrus     R      6    8                       7           57   4.38
    Medial Frontal Gyrus       L      6    −8                      3           61   5.17
    Middle Frontal Gyrus       L      10   −32                     46          25   3.86
    Precentral Gyrus           L      44   −61                     8           11   4.37
  Parietal Lobe                                                                     
    Postcentral Gyrus          L      40   −53                     −30         51   3.78
    Inferior Parietal Lobule   L      40   −55                     −38         50   3.72
  Temporal Lobe                                                                     
    Superior Temporal Gyrus    L      32   −61                     −36         18   4.14
  Limbic Lobe                                                                       
    Cingulate Gyrus            L      32   −4                      17          38   4.12

###### 

**Activated regions in "30% MVC" \> Rest**.

  Region                       Side   BA   Talairach Coordinates   *Z*-score        
  ---------------------------- ------ ---- ----------------------- ----------- ---- ------
  Frontal Lobe                                                                      
    Superior Frontal Gyrus     L      10   −36                     51          16   3.18
    Inferior Frontal Gyrus     L      9    −53                     12          26   3.38
                               L      44   −53                     9           18   3.89
    Medial Frontal Gyrus       L      6    −8                      5           55   4.27
    Middle Frontal Gyrus       L      10   −36                     40          15   3.62
    Precentral Gyrus           L      44   −50                     8           5    4.02
  Parietal Lobe                                                                     
    Postcentral Gyrus          L      2    −65                     −22         29   4.24
    Inferior Parietal Lobule   L      40   −53                     −26         33   4.33
                               R      40   59                      −35         46   4.12
    Supramarginal Gyrus        R      40   36                      −37         30   4.01

###### 

**Activated regions in "60% MVC" \> Rest**.

  Region                       Side   BA   Talairach Coordinates   *Z*-score        
  ---------------------------- ------ ---- ----------------------- ----------- ---- ------
  Frontal Lobe                                                                      
    Middle Frontal Gyrus       R      6    50                      10          44   3.96
                               R      10   38                      53          5    4.29
                               R      46   46                      44          22   3.89
  Parietal Lobe                                                                     
    Inferior Parietal Lobule   L      40   −51                     −31         44   5.02
                               R      40   46                      −39         39   4.24
    Postcentral Gyrus          R      2    55                      −27         47   4.61
  Limbic Lobe                                                                       
    Insula                     R      13   44                      8           −4   4.08
    Cingulate Gyrus            R      32   16                      19          29   4.78

Results {#s3}
=======

Behavioral data {#s3-1}
---------------

Subjects were able to reproduce each force level after the fMRI (10% MVC condition: 9.1 ± 1.9%, range 6.0--13.2%; 30% MVC condition: 31.5 ± 5.8%, range 20.5--40.8%; 60% MVC condition: 57.0 ± 8.4%, range 40.9--71.6%) (Figure [1](#F1){ref-type="fig"}). These values did not differ from the values obtained before the fMRI measurement (10% MVC condition: 10.2 ± 1.4%, range 7.3--13.0%; 30% MVC condition: 28.9 ± 1.8%, range 26.2--32.5%; 60% MVC condition: 56.8 ± 4.1%, range 47.2--64.7%) (*p* \> 0.05, respectively).

![**Averages of grasping force in the pre and post fMRI for 10%, 30%, and 60% of the MVC for the 16 subjects**.](fnhum-08-00810-g0001){#F1}

Imaging data {#s3-2}
------------

Brain activities related to the 10% MVC were located in the left dorsolateral prefrontal cortex (DLPFC) (BA 10), ventrolateral prefrontal cortec (VLPFC) (BA 44), PM (BA 6), SMA (BA 6), inferior parietal lobule (IPL) (BA 40), superior temporal gyrus (STG), and cingulate gyrus (BA 32). In the right hemisphere, activation was observed in the SMA (BA 6) (Figure [2A](#F2){ref-type="fig"} and Table [1](#T1){ref-type="table"}).

![**Group activation map showing activated brain regions in each condition**. **(A)** 10% MVC vs. rest, **(B)** 30% MVC vs. rest, **(C)** 60% MVC vs. rest. Using the SPM8 template, areas showing an increase in BOLD-signal are superimposed on a 3D-rendered standard brain. DLPFC = dorsolateral prefrontal cortex; VLPFC = ventrolateral prefrontal cortex; IPL = inferior parietal lobule; PM = premotor area; SMA = supplementary motor area; SI = primary somatosensory cortex.](fnhum-08-00810-g0002){#F2}

Regions activated by the 30% MVC were located in the left DLPFC (BA 9 and 10), VLPFC (BA 44), superior frontal gyrus (SFG) (BA 10), SMA (BA 6), SI (BA 2), IPL (BA 40). Increased activity in the right hemisphere was located in the IPL (BA 40), and supramarginal gyrus (BA 40) (Figure [2B](#F2){ref-type="fig"} and Table [2](#T2){ref-type="table"}).

Regions activated by the 60% MVC were located in the left IPL (BA 40). In the right hemisphere, significant activities were observed in the DLPFC (BA 10 and 46), PM (BA 6), IPL (BA 40), SI (BA 2), insula (BA 13), and cingulate gyrus (BA 32) (Figure [2C](#F2){ref-type="fig"} and Table [3](#T3){ref-type="table"}). Since the cluster that included the right PM was extended to the left hemisphere, we analyzed sub-peak activities in the cluster. We also found significant activations in motor-related areas including the bilateral SMA, left DLPFC (BA 9), PM (BA6), insula (BA13), IFG (BA47).

We did not find significant differences in any voxels for the comparison of (60% MVC vs. rest) vs. (10% MVC vs. rest), (60% MVC vs. rest) vs. (30% MVC vs. rest), and (30% MVC vs. rest) vs. (10% MVC vs. rest).

BOLD signal changes {#s3-3}
-------------------

The BOLD signal changes in eight regions were compared among conditions. There was a significant main effect of condition in the right PM (*F*~(2,30)~ = 6.216, *p* \< 0.01), right IPL (*F*~(2,30)~ = 3.944, *p* \< 0.05), and right SI (*F*~(2,30)~ = 4.946, *p* \< 0.05). *Post-hoc* analysis showed that the activity was significantly larger at 60% of the MVC than at 10% MVC in the right PM (*p* \< 0.05), larger for the 60% MVC than the 10% MVC in the right IPL (*p* \< 0.05), and larger at 60% of the MVC than at 10% of the MVC in the right SI (*p* \< 0.05). No statistically significant differences among conditions were found for other regions (Figure [3](#F3){ref-type="fig"}).

![**The BOLD signal changes in 8 regions as compared among conditions**. There was a significant main effect of condition at right PM, right IPL and right SI. Error bars denote standard error (SE). \* = *p* \< 0.05 corrected.](fnhum-08-00810-g0003){#F3}

Discussion {#s4}
==========

In the present study, we demonstrated that, for certain areas, brain activity during motor imagery was dependent upon imagined force level. We utilized force levels of 10%, 30%, and 60% of the MVC. We observed a common activation for the three force conditions in several brain regions. Such regions included the DLPFC, VLPFC, SMA, PM, insula, and IPL. This finding is consistent with previous neuroimaging studies examining motor imagery (Hanakawa et al., [@B25], [@B24]; Lacourse et al., [@B30]; Lotze and Halsband, [@B33]; Imazu et al., [@B28]; Guillot et al., [@B22]; Mizuguchi et al., [@B36]). Although we did not find significant differences in any voxels using a whole brain voxel-based analysis, the BOLD signal changes were significantly larger in the 60% MVC condition than they were in the 10% MVC conditions in the right PM, the right IPL, and SI. This discrepancy might be explained by the difference of the statistical power for the two situations.

The PM receives a strong input from the IPL (Rizzolatti and Luppino, [@B50]). Therefore, activity in the right PM and IPL is likely to be part of a fronto-parietal network. However, it is known that the function of the PM in motor execution differs from that of the IPL; that is, electrical stimulation of the PM triggers limb and mouth movements that are not consciously detected by the patients, whereas stimulation of the IPL produces the intention to move or the feeling that body parts have been moved, even in the absence of actual motor responses (Desmurget et al., [@B7]; Desmurget and Sirigu, [@B8]). Thus, it is likely that both the PM and IPL are linked to the imagination of force generation, but that these two regions function at different stages in the processing of motor imagery.

Studies utilizing fMRI and positron emission tomography (PET) during motor execution have provided evidence that activity in various regions such as BA 4, SI, PFC, SMA, PM, PPC, cingulate cortex, and cerebellum are correlated with the level of contracting force (Dettmers et al., [@B9]; Thickbroom et al., [@B58]; Ehrsson et al., [@B12], [@B11]; Dai et al., [@B4]; Cramer et al., [@B3]). In addition, a non-human primate study demonstrated that neuronal activity in the PM contralateral to the active muscle is associated with the level of contractile force (Werner et al., [@B63]). In the current study, we showed that brain activity during motor imagery of force generation with the right hand was correlated with the imagined force level in the PM on the right (ipsilateral) side, and not on the left (Figure [3](#F3){ref-type="fig"}). One major difference between actual execution and motor imagery is the presence or absence of muscle contraction. That is, during muscle contraction, the contralateral BA 4 sends signals to motoneuron and the contralateral SI receives afferent feedback from muscle spindles and cutaneous receptors. The lack of a relationship between activity and imagined force level for the right hand, except for the right fronto-parietal region, might be due to the absence of afferent feedback from the periphery.

What are the functions of the right fronto-parietal region? A recent study utilizing diffusion tensor imaging demonstrated that the anatomical connection from the PM to other regions was different for the right and left hemispheres (van der Hoorn et al., [@B61]). According to this study, function of the right PM differs from that of the left PM. For example, the right PM has stronger connections to the occipito-parietal region of the opposite hemisphere, while the left PM has stronger connections to the prefrontal area and anterior parietal cortex. Indeed, previous studies suggest that the right fronto-parietal region play an important role in the integration of somatosensory input and motor command or in the induction of kinesthesia from somatosensory input (de Jong et al., [@B6]; Naito et al., [@B43]). Since the somatosensory cortices might receive efference copy from the motor cortices during motor imagery (Grush, [@B21]), we infer that the activity in the right fronto-parietal region seen in the present study is related to the amount of kinesthesia or efference copy during motor imagery. Other studies suggest that the right PM is related to motor awareness and sense of agency (Berti et al., [@B1]; Tsakiris et al., [@B59]). Since the subjects were required to imagine at higher effort level for the higher forces in the present study, activity in the right PM would be expected to also reflect a stronger motor command or greater effort to produce motor imagery. However, to clarify differences in the functions of the fronto-parietal region between the "right" and "left" hemispheres in more detail, future study will be need to perform the same analysis during motor imagery using the left hand at different force levels. A previous study has demonstrated that functional connectivity during motor imagery is different for kinesthetic motor imagery and visual imagery (Solodkin et al., [@B54]). In addition, functional connectivity during motor imagery is different between healthy subjects and stroke patients (Sharma et al., [@B52]). These results suggest that motor imagery ability and/or imagery modality affect the functional connectivity during motor imagery. Since the amount of brain activity was dependent upon imagined force levels, functional connectivity might also differ between higher and lower imagined force levels. In the future, we need to clarify whether functional connectivity during motor imagery is altered by different imagined force levels.

Recently, we reported that excitability of the corticospinal tract of the left hemisphere increased when the imagined force directed to the right hand increased (Mizuguchi et al., [@B38]). Therefore, the left BA 4 would be expected to be associated with the imagined force level. Previous studies utilizing paired-pulse TMS demonstrated that activity of PM modulated excitability in the contralateral corticospinal tract via the transcallosal pathway (Mochizuki et al., [@B39]; Ni et al., [@B46]; Duque et al., [@B10]; Uehara et al., [@B60]). In addition, the right PM has an anatomical connection to the left precentral gyrus which includes a motor representation of the hand (van der Hoorn et al., [@B61]). Therefore, during motor imagery activity changes in the right PM might affect excitability in the left corticospinal tract via the transcallosal pathway. In the future, we need to clarify how the right PM or parietal region increased left corticospinal excitability during motor imagery with the right hand.

However, we did not see an activation of the BA 4 during motor imagery in the present study. While some researchers did find BA 4 activation during motor imagery (Porro et al., [@B49]; Lotze et al., [@B34]; Sharma et al., [@B53]; Chen et al., [@B2]; Guillot et al., [@B22]), others did not (Decety et al., [@B5]; Naito et al., [@B42]; Kuhtz-Buschbeck et al., [@B29]; Higuchi et al., [@B26]; Szameitat et al., [@B56]). This discrepancy might be associated with such factors as the degree of muscle activity, the type of tasks, and/or differneces between the subjects (Munzert et al., [@B40]). Kuhtz-Buschbeck et al. ([@B29]) investigated brain activity and corticospinal excitability during motor imagery using fMRI and TMS. They found a significant enhancement of corticospinal excitability with TMS, but not significant activation in BA 4 when utilizing fMRI. These findings suggest the possibility that sensitivity for the detection of neural activation, especially in BA 4, was higher for TMS than for fMRI. Therefore, although we did not detect BA 4 activity in the present study, BA 4 might be active during motor imagery. Motor imagery ability is known to be correlated with the enhancement of corticospinal excitability during motor imagery (Williams et al., [@B64]). In the present study, we did not assess the motor imagery ability of each subject. Therefore, if we screened for motor imagery ability, we might have been able to detect BA 4 activity.

Another limitation of the present study was that we did not record an electromyogram for each muscle during motor imagery in the fMRI scan. Subjects might have contracted certain of their muscles during motor imagery. However, the lack of left BA 4 activation would indicate that actual muscle activity was minimal or absent during the motor imagery tasks. We believe that brain activity in the present study reflects motor imagery and not intended or unintended muscle activity.

In this study the relationship between neuronal activity and imagined force level was investigated. Our findings suggest that during motor imagery activity of the right fronto-parietal region increases as the imagined contractile force level with the right hand is intensified. Motor imagery can be utilized not only for rehabilitation and sports training but also as a mean to create a brain computer interface (e.g., Neuper et al., [@B45]). Thus, the main finding of this study--that right brain activity during motor imagery is clearly altered depending on the imagined force level--suggests that it may be possible to decode "intended force level" by monitoring activity in the right fronto-parietal region during the motor imagery of patients or healthy subjects.
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